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dietary iodide absorption; active iodide transport; sodium/iodide symporter; enterocyte brush border IODIDE (I Ϫ ) UPTAKE in the thyroid gland is the first step in the biosynthesis of the thyroid hormones triiodothyronine (T 3 ) and thyroxine (T 4 ), of which iodine is an essential constituent (18) . T 3 and T 4 are the only iodine-containing hormones in vertebrates and are required for the development of the central nervous system and lungs in the fetus and newborn. These hormones are primary regulators of intermediary metabolism and exert pleiotropic effects in many organs and tissues. Iodine is extremely scarce in the environment and is only supplied to the body in the diet. Insufficient dietary intake of iodine, depending on its severity, causes hypothyroidism, goiter, stunted growth, retarded psychomotor development, and irreversible mental retardation (cretinism) (1, 2) . Iodine deficiency disorders (IDDs) constitute the leading preventable cause of mental retardation in the world and were therefore slated by the World Health Organization for total global eradication by the year 2000 by iodination of table salt in as many countries as possible. Although significant strides have been made in many regions, as of 2007 there were still an estimated 1.9 billion people suffering from or at risk of IDDs, and IDDs are still the most common preventable cause of mental retardation (1, 2) .
Active I Ϫ accumulation in the thyroid is mediated by the Na ϩ /I Ϫ symporter (NIS), a plasma membrane glycoprotein (13) . Using as its driving force the Na ϩ gradient generated by the Na ϩ -K ϩ -ATPase, NIS couples the inward movement of Na ϩ in favor of its concentration gradient to the inward movement of I Ϫ against its electrochemical gradient. Characteristic hallmarks of NIS are its Na ϩ dependence (13, 24, 42) and its sensitivity to inhibition by perchlorate (ClO 4 Ϫ ) (55) . The presence of NIS in the thyroid appears to be an adaptation to compensate for the environmental scarcity of iodine. One of the most conspicuous medical applications of NIS is as the mediator of radioiodide administered to treat thyroid cancer remnants and metastases after thyroidectomy, the most effective targeted internal radiation anticancer therapy ever devised (39, 40) .
NIS mediates I Ϫ uptake in several tissues besides the thyroid, including lactating mammary gland, gastric mucosa, and salivary glands (9, 14, 18, 48) . In all four of these tissues, NIS is located on the basolateral surface of the epithelial cells. In the lactating mammary gland, NIS activity results in the translocation of I Ϫ from the bloodstream to the milk, thus supplying this essential anion for thyroid hormone biosynthesis by the nursing newborn (48) . In both gastric mucosa and salivary glands, NIS similarly transports I
Ϫ from the bloodstream into the epithelial cells, from which I Ϫ is released into the gastric juice (48) and saliva (12a), respectively; i.e., I
Ϫ is secreted into the gastrointestinal tract, probably via Cl Ϫ channels (10, 18, 30) . The functional significance of NIS-mediated I Ϫ uptake in the latter two tissues is unknown. However, antioxidant and antimicrobial activities of I Ϫ have been proposed to take place in these tissues (21, 25, 26) . I Ϫ thus released to the gastric juice and saliva is most likely reabsorbed further down the gastrointestinal tract along with newly ingested I Ϫ . In the face of the environmental scarcity of iodine, this mechanism may contribute to the conservation and reutilization of I Ϫ . A key aspect of the current and future medical applications of NIS, particularly in cancer, is its status as a protein that mediates the same transport process in all tissues that express it but is regulated differently in each of these tissues (17, 51) . Thus, in the healthy thyroid, NIS is expressed virtually on a continuous basis while subjected to upregulation by TSH (49) and downregulation by I Ϫ itself (17, 22, 23, 27) . In the breast, NIS is expressed only during pregnancy and lactation but not in healthy nonlactating tissue. Remarkably, we have reported that as many as 80% of breast cancers express NIS (48, 52) , as well as some breast cancer metastases (41, 51) , suggesting that cell proliferation in breast cancer cells activates regulatory mechanisms that upregulate NIS. These observations may lead to the future application of radioiodide therapy to breast cancer. On the other hand, whereas NIS is constitutively expressed in the healthy stomach, we have recently shown that NIS is downregulated in gastric cancer (5) . Of relevance to public health is our recent discovery that NIS actively translocates the environmental pollutant ClO 4 Ϫ . Strikingly, from a mechanistic standpoint, NIS displays different stoichiometries with different substrates (2 Na ϩ per I Ϫ and 1 Na ϩ per ClO 4 Ϫ ) (19) . Given the physiological significance of iodine, the question of where and how dietary I Ϫ is absorbed in the gastrointestinal tract has long been of major interest. Reports on the absorption of I Ϫ in the intestine appeared as early as 1912 (28) . In the 1950s, some authors suggested that I Ϫ might be both absorbed from and secreted to the intestinal lumen (3, 29, 43) . Passive or simple diffusion of iodide from the intestinal lumen to the bloodstream was believed to be the mechanism in iodide absorption (16) .
However, neither the existence nor the identity of a putative intestinal I Ϫ transporter could be ascertained. No information even on the thyroid I Ϫ transporter was available at the molecular level until 1996, when our group isolated the cDNA that encodes NIS (13) . Tellingly, before its cloning, the I Ϫ transporter was long regarded as a likely thyroid-specific protein, presumably not expressed in any other tissues. However, since NIS was identified, we and others have shown that NIS is the mediator of active I Ϫ uptake in all tested tissues that exhibit such activity (9, 10, 47, 48) . It should be emphasized that gastric NIS clearly does not mediate I Ϫ absorption into the bloodstream, given the above mentioned location of gastric NIS at the basolateral surface of the gastric mucosa epithelial cells, which therefore translocate I Ϫ in the opposite direction, i.e., from the bloodstream to the gastric lumen.
Here we demonstrate, for the first time, that NIS is functionally expressed in vivo on the apical surface (i.e., brush border or BB) of small intestine enterocytes in rats and mice. We also show that BB membrane vesicles (BBMV) enriched for NIS protein expression display pronounced NIS-mediated I Ϫ uptake with kinetic characteristics very similar to those of the extensively studied rat thyroid-derived FRTL-5 cells. We additionally report that I Ϫ downregulates its own transport in the small intestine in vivo, just as it does in the thyroid.
MATERIALS AND METHODS
Immunohistochemistry. All experimental protocols were approved by the Animal Care and Use Committee of the Albert Einstein College of Medicine. Rats and mice were anesthetized and their abdomens were opened. The small intestine was perfused with 10% neutral buffered formalin (NBF) before or right after resection from the animal and cut in approximately 8-cm fragments, and each fragment was filled with 10% NBF, ligated at both ends, and fixed overnight in 10% NBF. Paraffin-embedded blocks were prepared containing longitudinal and cross-sectional intestinal segments. Tissue sections (5-m) made from the paraffin blocks were deparaffinated. Antigen retrieval was performed by incubation with boiling 10 mM citrate buffer (pH 6.0) for 15 min. Endogenous peroxidase activity was quenched for 10 min with 3% H 2O2 in methanol, and tissue sections were blocked for 1 h with 5% goat serum in PBS. After 30 min of incubation with (or without, for negative controls) 6.7 nM affinitypurified rabbit anti-NIS antibody (35) diluted in 0.5% BSA in PBS, slides were incubated for 10 min with anti-rabbit poly-horseradish peroxidase-conjugated antibody (SuperPicture, Zymed Laboratories).
The chromogen solution was applied for 3 to 7 min until the peroxidase reaction took place. Tissue sections were counterstained, dehydrated, mounted, and dried overnight.
Cell culture. FRTL-5 cells derived from Fisher rat thyroids were cultured as previously described (46) . Epithelial cell line 6 (IEC-6) cells derived from rat normal small intestine epithelium were purchased from American Type Culture Collection (Manassas, VA) and cultured in Dulbecco's modified Eagle's medium adjusted to contain 3.7 g/l sodium bicarbonate, 4 mM L-glutamine, and supplemented with 0.1 U/ml bovine insulin and 5% calf bovine serum. IEC-6 cells expressed NIS after passage 36 .
RNA isolation and RT-PCR. Total RNA was purified from isolated enterocytes by the acid guanidinium thiocyanate/phenol/chloroform extraction procedure as previously described (12) . cDNA was synthesized from 2 g of total RNA. PCR was performed in a 20-l reaction volume containing 2 l cDNA reaction, 0.5 M of each primer, 0.25 mM of each dNTP, 1.5 mM MgCl2, and 1 unit Taq polymerase. Samples were heated to 95°C for 5 min and then subjected to 36 cycles of amplification for NIS and 28 cycles for ␤-actin, performed as follows: denaturation at 95°C for 30 s, annealing at 59°C for 30 s, and extension at 72°C for 30 s, followed by a 7-min extension at 72°C after the last cycle. Primers for the rat NIS gene were 5Ј-GCTGTG-GCATTGTCATGTTC (forward) and 5Ј-TGAGGTCTTCCACAGT-CACA (reverse). The amplification yielded a 219-bp DNA product whose sequence corresponded to bp 1002-1220 of the rat NIS cDNA (13) . Primer oligonucleotides for rat ␤-actin were 5Ј-CGACGAGGC-CCAGAGCAAGAGAGG (forward) and 5Ј-CGTCAGGCAGCT-CATAGCTCTTCTCCAGGG (reverse). The amplification yielded a 568-bp DNA product corresponding to bp 246 -814 of rat ␤-actin cDNA. The expression of ␤-actin was used as loading control. Primers for the amplification were 5Ј-CTGCTGAGCAGGAATC-CACA (forward) and 5Ј-TAGTTGACATCACCACTCTC (reverse) for the alkaline phosphatase (ALP), and 5Ј-TACTCTGCGCTC-CGAAGGCT (forward) and 5Ј-CTGTAGGAGACAGTGGAGTG for PCNA. The amplifications yielded a 364-bp and a 523-bp DNA product, whose sequences corresponded to bp 996 to 1360 and 212 to 735, respectively, of the rat sequences. The amplification of all products remained within the exponential range. Reaction conditions were optimized by assessing the variation in signal intensity at different sample amounts and cycle numbers. Genomic DNA contamination was excluded, because extra bands were not observed even though the primer pairs used for NIS and ␤-actin spanned introns. As a positive control, the same amount of total RNA from FRTL-5 cells was used, and as negative controls, reactions without reverse transcription or PCR without cDNA were carried out in parallel. PCR products were separated on 1.5% agarose gel and visualized with ethidium bromide.
In vivo intestinal uptake. Adult male Sprague-Dawley rats (300 -320 g) were food deprived overnight, and the next day, rats were laparotomized and the stomach and duodenum were exposed. A 2-mm puncture wound was made in the duodenal wall with a 22-gauge needle, and a Silastic tube (0.25 mm ID, 0.063 mm OD) for duodenal infusions was advanced 1 cm and fixed using a monofilament knitted polypropylene mesh (Bard, Murray Hill, NJ). An internal jugular vein catheter was placed in the right atrium for blood sampling. The jugular catheter was kept permeable with an infusion of heparinized saline (50 IU) (0.2 ml). Both catheters were routed subcutaneously to the back of the neck and secured to an infusion button. When not in use, both catheters were closed with stainless steel blockers. Pertechnetate ( 99m TcO4 Ϫ ) (Cardinal Health) (500 -800 Ci) was administered through the duodenal catheter, followed by saline solution (200 l). Blood was collected through the jugular catheter 9 min after 99m TcO4
Ϫ administration. Aliquots from each blood sample (10 l) were measured in duplicate using a ␥-counter. After 2 h, the same animals were given the same amount of 99m TcO4 Ϫ supplemented with NaClO4 (100 -580 nmol), and blood samples were collected and measured as described above. Data are expressed as percentage of the administered dose per milliliter of blood.
Preparation of BBMV. Intestinal cells were isolated according to Weiser's method (53) . Briefly, rat small intestine was washed three times with a physiological solution containing 0.154 M NaCl and 1 mM DTT. To isolate villus-tip epithelial cells, excluding cryptic epithelial, serosal, and interstitial cells, the intestine was filled with a solution containing 1.5 mM KCl, 96 mM NaCl, 27 mM sodium citrate, 8 mM KH 2PO4, and 5.6 mM Na2HPO4 (pH 7.3) for 10 min to dissociate cells. The intestine was treated with PBS containing 1.5 mM EDTA and 0.5 mM DTT for 15 min, and released cells were collected. Villus-tip epithelial cells were washed twice with PBS and placed in ice-cold sucrose buffer [250 mM sucrose, 2 mM Tris⅐HCl (pH 7.4), and protease inhibitors]. Resuspended cells were homogenized using a polytron homogenizer (four 30-s pulses) and centrifuged at 3,000 g for 10 min. The resulting turbid supernatant (fraction A) was centrifuged at 20,500 g for 20 min at 4°C. The lower brown pellet (fraction B) was resuspended in sucrose buffer and subjected to glass-Teflon homogenization. CaCl 2 was added to the homogenates, reaching a final concentration of 10 mM. This mixture was incubated for 20 min on ice to allow preferential precipitation of non-BB components. The precipitated material was pelleted by centrifugation at 3,000 g for 10 min. The supernatant was decanted and centrifuged again for 20 min at 20,500 g. The resulting pellet (fraction C) was resuspended in sucrose buffer containing 10 mM CaCl 2 and centrifuged at 48,000 g for 30 min to obtain the final BBMV pellet. Membrane vesicles were resuspended in 250 mM sucrose, 1 mM MgCl 2, 10 mM HEPES (pH 7.4), and protease inhibitors (36) .
Where indicated, BBMV were also prepared from four different groups of Sprague-Dawley rats (two to four animals per group) with different I Ϫ intake exposures: a control (nontreated) group and groups that were administered autoclaved tap water supplemented with 0.05% KI for 12 h, 24 h, or 48 h (22) . Water was changed every day. Food was made available ad libitum. Ϫ symporter (NIS) in mouse and rat small intestine. Small intestine was harvested and immunohistochemistry was carried out with 6.7 nM anti-NIS antibody as described in MATERIALS AND METHODS. In all investigated sections, which included the entire small intestine of each animal, NIS-specific staining was visible in the apical membrane of the epithelial layer (arrows). Mouse (A, duodenum; B, jejunum; and C, ileum) and rat (D, duodenum; E, jejunum; and F, ileum). Magnification ϫ40 except in F (ϫ100). G: NIS mediates intestinal 99m TcO4 Ϫ uptake in vivo. 99m TcO4
Ϫ alone (open bars) and 99m TcO4
Ϫ and NaClO4 (100 to 580 nmol; solid bars) were administered at 2-h intervals to 4 rats via a duodenal catheter, and blood samples were collected as described in MATERIALS AND METHODS. Shown is the 9-min time point. **P Ͻ 0.01 in unpaired t-test.
Internal volume of BBMV. BBMV intravesicular volume was quantitated by a modification of the method described by Kaminsky et al. (31) . Aliquots containing BBMV (100 g) were incubated for 12 h at 4°C with an equal volume of assay solution, as described in BBMV I Ϫ uptake assays, but containing choline chloride (200 mM) instead of NaCl, and different concentrations of 125 I Ϫ (20 and 100 M). Under these conditions, only passive diffusion takes place. Reactions were terminated by rapid dilution and filtration. The internal volume was calculated from 125 I Ϫ equilibration values. ALP activity. ALP activity was determined with a kinetic modification of a technique previously described (7) . Briefly, 20 g of protein was incubated in 1 M diethanolamine buffer (pH 9.8), 0.5 mM MgCl 2, and 10 mM p-nitrophenylphosphate substrate at 37°C. The amount of released p-nitrophenol product was measured by determining the absorbance at 405 nm. Each protein sample was measured in triplicate. Enzyme activity was expressed in IU/mg protein.
Immunoblot analysis. Total protein extracts or membrane fractions were immunoblotted as described previously (15) , except that 2.2 nM affinity-purified anti-rat NIS antibody was used (35) . Loading controls were performed with monoclonal antibodies against ␣-tubulin (1:4,000 dilution; Sigma) and E-cadherin antibody (1:5,000 dilution; BD Transduction) or anti-ezrin polyclonal antibody (1:500 dilution; Santa Cruz). I Ϫ transport. I Ϫ transport assays in intact cells were carried out as previously described (15) . Steady-state uptake experiments (40 min at 37°C) were performed with 20 M NaI supplemented with carrierfree Na 125 I to give a specific activity of 100 mCi/mmol. For initialrate (2 min) I Ϫ transport assays, KI at various concentrations was used. For standardization, DNA was determined by the diphenylamine method after trichloroacetic acid precipitation, and uptake was expressed as pmol I Ϫ /g DNA. I Ϫ uptake in BBMV was carried out as described previously (15) , except that 20 M NaI supplemented with 125 I Ϫ to reach a specific radioactivity of 100 mCi/mmol and 0.45-m-pore-diameter nitrocellulose filters were used. To assess Na ϩ dependence, incubations were done in final 100 mM choline chloride instead of NaCl to maintain isotonicity. ClO 4 Ϫ inhibition was tested by adding 40 M KClO4 to the incubation buffer. Reactions were terminated as described previously (15) after 5 s for initial-rate assays and 5 min for steady-state assays and after the indicated time points for the time course, and membranes were washed twice with additional 3-ml ice-cold quenching solution. Radioactivity retained in BBMV was determined by measuring filters in a ␥-counter. Data, in duplicate, were standardized per amount of protein and expressed as pmol 125 
RESULTS

NIS is expressed on the apical surface of small intestine enterocytes.
We analyzed paraffin-embedded sections of small intestine from rats and mice by immunohistochemistry with anti-NIS antibody, as described in MATERIALS AND METHODS. NIS Fig. 2 . NIS mRNA and protein expression along the villus-crypt axis. A: total RNA was extracted from enterocytes sequentially isolated, in nine fractions, from the small intestine along the villus-crypt axis as described in MATERIALS AND METHODS. Differential expression of NIS mRNA was analyzed by RT-PCR and standardized with respect to ␤-actin mRNA expression. Purity of the villus-crypt fraction separation was confirmed by analysis of the expression of alkaline phosphatase (ALP; a villus marker) and PCNA (a crypt marker) mRNAs. Densitometric ratios of NIS, PCNA, and ALP over ␤-actin expression are shown. B: ALP activity from villus-tip epithelial cells in fractions A (homogenate), B (nonpurified apical membranes), and C (enriched apical membranes). C: NIS immunoblot: lane 1, FRTL-5 cell membranes (10 g); lanes 2-4, fraction A, B, or C (50 g). Bottom: ezrin immunoblot as loading control after stripping anti-NIS antibodies. Boxes indicate different gels. expression was clearly apparent along the entire length of the small intestine exclusively on the apical surface of the enterocytes (Fig. 1, A-F (Fig. 1G) .
To assess our initial observation that NIS is more abundantly expressed toward the tip of the villus, we isolated nine fractions of epithelial cells, from the villus tip to the crypt, following the protocol described by Weiser (53) . NIS mRNA (standardized relative to ␤-actin mRNA expression) was clearly enriched (ϳ5-to 6-fold) in cells from the tip of the villus ( Fig. 2A, fractions 1 and 2) , decreasing as cells approached the crypt ( Fig. 2A, fractions 5-9 ). NIS mRNA distribution followed that of intestinal ALP mRNA, a marker that is more abundant at the villus tip (53) , in contrast to the distribution of PCNA mRNA, which decreases toward the tip of the villus (38) . Given the predominant apical expression of NIS, we isolated villus-tip cells and purified BB membranes enriched for membrane proteins. As expected, there was a pronounced enrichment in ALP activity (ϳ20-fold) in membranes over cell homogenates (Fig. 2B) . At the same time, immunoblot analysis of these enriched BB membranes from enterocytes revealed an ϳ90-kDa polypeptide (Fig. 2C, fraction C) corresponding to intestinal NIS, whose electrophoretic mobility was identical to that of NIS from the rat thyroid-derived FRTL-5 cells. NIS was undetectable in intestinal cell homogenates (fraction A) and became apparent in the partially purified fraction B (Fig. 2C) . Protein loading controls using antiezrin antibody are shown at the bottom of Fig. 2C .
BBMV display pronounced NIS-mediated I Ϫ uptake. To further assess the functional significance of NIS expression in enterocyte BB, we prepared sealed BBMV and performed steady-state I Ϫ transport assays (Fig. 3A) after determining that saturation was reached at 5 min (Fig. 3A, inset) . BBMV took up as much as 120 pmol I Ϫ /mg protein, and transport was both Na ϩ dependent and ClO 4 Ϫ inhibitable. Na ϩ dependence was tested by using choline chloride instead of Na ϩ , thus maintaining the osmolarity constant. BBMV initial-rate I Ϫ transport (carried out at 5-s time points) showed a K m for I Ϫ of 13.4 Ϯ 2.0 M, a value comparable to those reported for thyroid membrane vesicles (42) , and was inhibited by ClO 4 Ϫ (Fig. 3B) . In addition, we demonstrated that NIS-mediated I Ϫ uptake in these BBMV is active transport (i.e., it occurs against an I Ϫ concentration gradient) by determining that the intravesicular volume was 1.7 l/mg protein and the calculated I Ϫ concentration gradient was as large as fivefold.
IEC-6 cells exhibit NIS-mediated I
Ϫ uptake. IEC-6 cells derive from the entire small intestine of newborn rats (45) . We assessed NIS expression in these cells by subjecting IEC-6 cell lysates to immunoblot analysis (Fig. 4A) . NIS expression in IEC-6 cells was actually slightly higher than in rat thyroidderived FRTL-5 cells. Given that NIS must be in the plasma membrane for I Ϫ uptake to take place, we performed confocal immunofluorescence studies in IEC-6 cells, which displayed a characteristic NIS plasma membrane-associated immunofluorescence staining pattern (Fig. 4B, top) , which overlaps with that of the Na ϩ -K ϩ -ATPase ␣-subunit, a plasma membrane marker (Fig. 4B, middle and bottom) . This overlap occurs because the IEC-6 cells were grown on plastic, where there is no differentiation between the basolateral and apical compartments.
We carried out steady-state I Ϫ transport assays in IEC-6 cells. These cells accumulated ϳ90 pmol I Ϫ /g DNA, as Ϫ -inhibitable active I Ϫ uptake was observed at levels even higher than those in FRTL-5 cells (Fig. 4C) , a result consistent with the above mentioned NIS expression findings.
We then analyzed the kinetic properties of NIS activity in IEC-6 cells as compared with those of NIS in control FRTL-5 cells. Initial I Ϫ uptake rates (2-min time points) were assessed by measuring I Ϫ accumulation at varying I Ϫ concentrations ranging from 0 to 160 M at a constant Na ϩ concentration (140 mM) (Fig. 4D) . Intestinal NIS exhibited a similar K m value (K m IϪ ϭ 20.3 Ϯ 3.9 M) but a significantly higher maximal transport rate (V max IϪ ϭ 99.3 Ϯ 5.4 pmol/2 min/g DNA) for I Ϫ than thyroid NIS (K m IϪ ϭ 13.2 Ϯ 3.7 M; V max IϪ ϭ 32.6 Ϯ 2.8 pmol⅐2 min Ϫ1 ⅐g DNA Ϫ1 ). We observed a direct correlation between the higher IEC-6 V max values (Fig. 4D ) and the corresponding higher NIS protein expression level in IEC-6 cells relative to FRTL-5 cells (Fig. 4A) . I Ϫ downregulates its own transport in intestinal NIS. I Ϫ at saturating concentration is known to be a significant downregulator of the thyroid gland and inhibits the production of thyroid hormones. This inhibitory effect, called the WolffChaikoff effect, has been reported in FRTL-5 cells and rat thyroid glands in vivo and has been shown to lead to the downregulation of NIS function and expression (17, 22, 23, 27 ). Here we investigated whether the anion also had a regulatory effect on NIS in rat intestine. Rats were divided into four groups (four animals per group), three of which were treated with 0.05% KI in the drinking water for 12, 24, and 48,h; the effect of I Ϫ administration was compared with the fourth group of animals, which received only distilled water with no addition of I Ϫ . BBMV from treated and nontreated rats were purified and used for steady-state I Ϫ uptake assays in the absence (Fig. 5A, gray bars) or presence (Fig. 5A, black bars) of ClO 4 Ϫ . We observed that high concentrations of I Ϫ inhibited its own NIS-mediated uptake and that the decrease in I Ϫ transport became more pronounced with longer exposure times (Fig. 5A) . Immunoblot analyses were carried out in BBMV obtained from each animal, and the NIS protein levels (Fig. 5B,  top) were quantified by densitometry and standardized with the ezrin signal (Fig. 5B, bottom) . As shown in Fig. 5 , B and C, after 12 h of high I Ϫ supplementation, NIS protein levels decreased by 48.6% with respect to the levels of the control Ϫ were subtracted. Data were fitted by nonlinear least squares using Gnuplot software. All kinetic parameters were determined at least in triplicate and are expressed as means Ϯ SE.
group. After 24 and 48 h, NIS protein levels decreased by as much as 83%. Thus, our data show, for the first time, that high I Ϫ concentrations inhibit NIS-mediated I Ϫ uptake in vivo not only in the thyroid but also in at least one extrathyroidal tissue, i.e., the small intestine.
DISCUSSION
That I
Ϫ is likely to be absorbed in the small intestine has long been expected, even though the precise molecular mechanism by which this process occurs has not been elucidated.
Shortly after the cloning of NIS in our laboratory (13), Ajjan et al. (4) reported low levels of NIS mRNA expression-by hybridizing the amplified PCR product with radiolabeled oligonucleotides-in rat small intestine, and Perron et al. (44) observed, by semiquantitative RT-PCR, levels of NIS mRNA in mouse intestine that were 4% of those observed in mouse thyroid, suggesting that NIS might play a role in I Ϫ transport in the small intestine. However, the presence of the NIS transcript does not yet prove that the NIS protein is biosynthesized, targeted to the plasma membrane, and fully functional. In fact, reports using immunohistochemistry suggested that the NIS protein was not expressed in the intestine (34, 50) , a contention we disproved when we investigated NIS protein expression in microarrays containing samples from normal human small intestine and found weak expression in two out of three samples (52) . Our observations provided more persuasive but not quite conclusive evidence that NIS may be involved in I Ϫ absorption in the small intestine, because neither NIS subcellular localization nor function was analyzed. Studies in tissue microarrays are optimal for high-throughput screening but intrinsically limited on account of the size of the samples and tissue preservation conditions. Very recently, Donowitz et al. (20) described in detail the proteome of the mouse jejunal BBMV, in which they demonstrated the presence of NIS by immunoblot and immunofluorescence as one of several validated BB proteins. We have now carried out an extensive and detailed study on NIS protein expression and activity in the rodent small intestine. We found very robust NIS expression in the BB in all segments of the small intestine, from the duodenum to the ileum, in both rats and mice, as revealed by immunohistochemistry (Fig. 1) . The staining pattern was clearly apical, consistent with the proposition that NIS may mediate active I Ϫ transport from the intestinal lumen to the cell, subsequently reaching the bloodstream, probably through Cl Ϫ channels. In contrast, basolateral NIS-mediated I Ϫ uptake in the thyroid, lactating breast, salivary glands, and stomach is from the bloodstream to the cell and ultimately to the colloid, milk, saliva, and gastric juice, respectively.
Our findings suggest that NIS protein expression in the intestine, as ascertained by immunohistochemistry, may have been missed by other investigators if the tissue was not optimally preserved. Regarding detection of the NIS protein in the intestine by immunoblot analysis, it clearly requires that the samples be highly enriched for BB membrane proteins. Without such enrichment, no NIS expression is detected (Fig. 2C,  fraction A) . In rat intestine in vivo, 99m TcO 4 Ϫ , a well-known NIS substrate, is transported into the blood very rapidly, because it could be detected in the blood as soon as 10 s after duodenal administration (data not shown). We have also observed ClO 4 Ϫ -inhibitable 99m TcO 4 Ϫ transport in vivo at later time points (Fig. 1G) . To carry out a kinetic analysis, we studied NIS-mediated active I Ϫ uptake in sealed BBMV (Fig.  3) , a system that has been widely used to study intestinal uptake, either passive or active, of carbohydrates, amino acids, and other nutrients (6, 32, 33) . The kinetic parameters of I Ϫ transport in BBMV were comparable to those reported for FRTL-5 cells/thyroid membrane vesicles (Fig. 4D) (42, 54) .
In addition, we have detected NIS expression and NIS activity in late-passage (passage 37) IEC-6 cells (Fig. 4) . Whereas it is unknown why NIS expression is detected in latebut not early-passage IEC-6 cells, similar observations regard- Ϫ diet reduces intestinal I Ϫ transport and NIS protein in vivo. Rats were provided water (control) or 0.05% KI-supplemented water. After the indicated times, BBMV were purified as described in MATERIALS AND METHODS, and a steady-state I Ϫ uptake assay was performed (A) with 50 g protein and 20 M 125 I Ϫ alone (gray bars) or in the presence of 80 M ClO4 Ϫ (dark bars). B: BBMV (100 g) were also used for immunoblot and probed with anti-NIS and, after stripping the nitrocellulose, anti-ezrin antibodies. Ezrin was probed as a loading control, as described in MATERIALS AND METHODS. Boxes indicate different gels. C: quantitation of the NIS/ezrin densitometric signal was done with ImageJ software (National Institutes of Health, Bethesda, MD).
ing other proteins have been made in other intestinal cells, such as Caco-2 cells, in which the activity of the BB-associated hydrolase sucrase-isomaltase increased sevenfold from early to late passages (11) ; similarly, expression of the fructose transporter GLUT-5 was reported to be 10 times higher in late-as compared with early-passage Caco-2 cells (37) .
Finally and significantly, we have demonstrated that I Ϫ at high concentrations acts as a downregulator of its own NISmediated transport in the small intestine in vivo (Fig. 5) , the first time that this autoregulatory mechanism has been observed outside the thyroid.
The extensive investigation of thyroid NIS stands in stark contrast with the extremely limited analysis of intestinal NIS performed thus far. Early studies of I Ϫ transport in the small intestine, carried out long before NIS was identified, indicate that the anion is not only absorbed from but also secreted to the lumen (3, 29, 43) . As a net absorption of dietary I Ϫ must necessarily occur, such reports suggest that the overall handling of I Ϫ in the gastrointestinal tract is fairly complex and may involve several different mechanisms and transport proteins. That NIS is targeted to the apical surface of enterocytes, in contrast to the basolateral targeting of NIS in most other epithelial cells that express it, affords a unique opportunity to undertake a future study of what protein-protein interactions or other factors are involved in NIS polarized targeting.
The research presented here provides strong evidence that NIS is a significant and possibly central component of the I Ϫ absorption system in the small intestine. However, our data do not rule out the possible participation of transporters other than NIS, such as anion exchangers, in the translocation of I Ϫ from the intestinal lumen into the enterocytes, a notion consistent with the observed partial inhibition of 99m TcO 4 Ϫ absorption by ClO 4 Ϫ . NIS may be thought of as a kind of I Ϫ metabolism master molecule, participating in the anion's translocation from its intestinal absorption to its uptake in the thyroid, lactating breast, salivary glands, and gastric mucosa. In these last two tissues, NIS activity causes I Ϫ to return to the gastrointestinal lumen, from which the anion, as part of an I Ϫ conservation system, is again absorbed via NIS in the small intestine. Finally, in light of our recent demonstration that NIS mediates active transport of ClO 4 Ϫ (19), intestinal NIS is clearly a conduit for this environmental pollutant to enter the bloodstream.
NOTE ADDED IN PROOF
In the Articles in PresS version of this manuscript, Figs. 2B and 5B contained some errors. It was also not made explicit that the images in these panels were derived from more than one gel. The corrected versions of the figures and legends are provided here, in this final-published version.
